Lactococcus lactis phage infections are costly for the dairy industry because they can slow down the fermentation process and adversely impact product safety and quality. Although many strategies have been developed to better control phage populations, new virulent phages continue to emerge. Thus, it is beneficial to develop an efficient method for the routine identification of new phages within a dairy plant to rapidly adapt antiphage tactics. Here, we present a multilocus sequence typing (MLST) scheme for the characterization of the 936-like phages, the most prevalent phage group infecting L. lactis strains worldwide. The proposed MLST system targets the internal portion of five highly conserved genomic sequences belonging to the packaging, morphogenesis, and lysis modules. Our MLST scheme was used to analyze 100 phages with different restriction fragment length polymorphism (RFLP) patterns isolated from 11 different countries between 1971 and 2010. PCR products were obtained for all the phages analyzed, and sequence analysis highlighted the high discriminatory power of the MLST system, detecting 93 different sequence types. A conserved locus within the lys gene (coding for endolysin) was the most discriminative, with 65 distinct alleles. The locus within the mcp gene (major capsid protein) was the most conserved (54 distinct alleles). Phylogenetic analyses of the concatenated sequences exhibited a strong concordance of the clusters with the phage host range, indicating the clonal evolution of these phages. A public database has been set up for the proposed MLST system, and it can be accessed at http://pubmlst.org/bacteriophages/.
L
actococcus lactis is a lactic acid bacterium widely used for the production of fermented milk products. Since lactococcal phages are ubiquitous in dairy environments, most cheese plants (if not all) have experienced some problems with phage contamination (8) . L. lactis phages are currently classified into 10 genetically distinct groups (6) , and they all belong to the order Caudovirales due to their genome composition (double-stranded DNA) and the presence of a tail connected to their capsids (1) . Members of three lactococcal phage groups, 936, c2, and P335, are mostly found in dairy environments. A multiplex PCR method is available to promptly classify lactococcal phages into one of these three groups (19) . The 936-like phages are clearly the most prevalent group associated with phage attacks in many countries (2, 17, 22, 27, 28, 33, 38) . Phages of the 936 group possess a long noncontractile tail and a small isometric capsid (morphotype B1), which are characteristics of the family Siphoviridae. Until now, only strictly virulent representatives of this phage group have been isolated. Several complete genomes of the 936-like phages are also publicly available (4, 5, 11, 24, 34, 36) . Genome sizes vary from 27,453 bp (phage jj50) to 32,182 bp (phage CB13). A core genome was recently determined for this lactococcal phage group, and it contained 33 open reading frames (ORFs) (34) , confirming the high level of relatedness among isolates. The reason for their predominance is unknown but is likely related to the industrial use of similar high-performing L. lactis strains.
Many strategies have been developed to keep lactococcal phage populations under control, but new virulent phages are still frequently isolated. The detection of new phage "variants" is of importance to optimize L. lactis strain selection as well as starter culture rotation. For this purpose, the phage DNA restriction profile method is one of the tools used (29) . This typing method is laborious and does not allow unambiguous data comparisons. Also, phage DNA extraction requires a phage lysate with a high titer (Ͼ10 8 PFU/ml), which can be difficult to obtain in some cases. A randomly amplified polymorphic DNA (RAPD)-PCR technique was developed, which produces unique and reproducible band patterns from phages (9) . This approach has the advantage of the use of lysates rather than DNA but does not discriminate closely related phages (9) . Moreover, this method does not create data that can be easily shared between laboratories. Multilocus sequence typing (MLST) was first proposed in 1998 as a portable and universal method for the characterization of bacteria (26) . Because it is based on the sequencing of four to seven housekeeping gene loci, this typing method is highly discriminatory and provides unambiguous data that can be compared. Publicly accessible MLST databases have been developed for many prokaryotes and eukaryotes and for IncN plasmids (http://pubmlst.org/). MLST schemes are already available for L. lactis strains (http://www-mlst.biotoul.fr/) (31, 32) . MLST outperforms restriction-or other PCR-based typing methods, because it provides information about key features of the evolutionary history, population structure, and long-term epidemiology of microbial species (25, 43) . However, to our knowledge, no MLST scheme has been elaborated for the characterization of a group of phages.
Here, we present the first MLST system to characterize phages of the 936 group infecting L. lactis. This novel typing approach appeared to be highly discriminative at differentiating the 100 phages analyzed in this study, and we suggest that it could be applied worldwide for the routine monitoring of these lactococcal phages in the dairy industry.
MATERIALS AND METHODS
Bacterial strains and phages. L. lactis host strains and phages are listed in Table 1 . Twelve reference phages from the 936 group were retrieved from the Félix d'Hérelle Reference Center for Bacterial Viruses (http://www .phage.ulaval.ca/). We also used a group of 80 phages of the 936 group isolated from whey samples from a Canadian cheese plant between 2001 and 2010. Eight additional 936-like phages, isolated from other countries between 1991 and 1997, were obtained from Danisco (Dangé St-Romain, France). Thus, a total of 100 lactococcal 936-like phages with different restriction fragment length polymorphism (RFLP) patterns were selected for MLST analyses. L. lactis host strains were grown at 30°C in M17 broth (Oxoid) supplemented with 0.5% glucose or lactose (41) . Phages were propagated on their respective hosts as described elsewhere (14) .
MLST method. (Table 2) with the same annealing temperature were designed based on highly conserved genomic regions within each locus. The selected conserved primers were also flanking a relatively polymorphic region of 200 to 500 bp in length.
PCR and sequencing. PCRs were performed by the addition of 1 l of phage lysate (10 6 PFU/ml or more) as the template to 49 l of a reaction mixture containing 125 M each deoxynucleoside triphosphate (dNTP), 1 M each primer (Invitrogen), 2.5 U of Taq DNA polymerase (Invitrogen), 1ϫ Taq buffer, 1.5 mM MgCl 2 , and PCR-grade H 2 O (Sigma-Aldrich, Mississauga, Ontario, Canada). A negative control (without a template) and a positive control (phage p2 lysate) were included. PCR conditions were optimized on a Robocycler Gradient 40 apparatus (Stratagene, La Jolla, CA) and were set as follows: an initial denaturation step at 94°C for 5 min; 35 cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s; and a final extension step at 72°C for 5 min. The PCR products were separated on a 2% agarose gel in 40 mM Tris-acetate-1 mM EDTA (TAE) buffer, stained with EZ-Vision Three (Amresco, Solon, OH), and visualized under UV light. PCR products were sent to the Plateforme de Séquen-çage et de Génotypage des Génomes at the CHUL/CHUQ Research Center for sequencing using the ABI 3730XL DNA analyzer. Both DNA strands of the amplicons were sequenced by using the same primer pairs as those used for PCR amplification. Forward and backward sequences were aligned, analyzed, and trimmed by using the Staden 1.6.0 package (37) .
Allele and sequence type assignment. The nucleotide sequences obtained for each locus were aligned and compared by using the ClustalW multiple-alignment tool (42) implemented in BioEdit software, version 7.0.9.0. The consensus length and position of each locus were then determined and assigned to the appropriate reading frame. An arbitrary number was assigned to each distinct allele at a locus. Each unique allelic profile, defined by the allele numbers of each locus analyzed, was assigned a sequence type (ST). The same ST was used for different isolates if they shared the same allelic profile. The data were deposited into the MLST database (16) .
Descriptive and phylogenetic analyses of MLST data. Genetic diversity information such as the mean percent GϩC content, the number of polymorphic sites, the nucleotide diversity (i.e., the average number of nucleotide differences per site between any two DNA sequences chosen randomly from the sample population) (), and the mean number of nucleotide differences per sequence (k) were calculated for each locus by using DnaSP, version 5.10.1 (21) . The same software was also used to perform Tajima's D neutrality test (39) . The d N /d S ratio described previously by Nei and Gojobori (30) , where d N is the number of nonsynonymous substitutions per nonsynonymous site and d S is the number of synonymous substitutions per synonymous site, was calculated by using START2 (15) as a test for selection. Phylogenetic trees were compiled by using MEGA, version 5.05 (40) . Dendrograms were constructed by the neighbor-joining (NJ) method with the Kimura two-parameter model. The percent bootstrap confidence levels for internal branches were calculated from 1,000 random resamplings. MEGA trees were then converted into Newick files and edited with iTOL, version 2.1 (20) .
Recombination tests. Evidence of linkage disequilibrium (intergenic recombination) between alleles at all loci was estimated by using the standardized index of association (I A S ) (10) . This statistic, which is expected to be zero when the alleles are in linkage equilibrium (free recombination), was calculated by using START2 (15) . Indications of intragenic recombination were investigated by using two different approaches. Sequence alignments of each locus and the concatenated terL, mcp, mtp, tmp, and lys loci were converted into FASTA files and used to generate split decomposition trees with 1,000 bootstrap runs by using SPLITSTREE, version 4.11.3 (13) . Evidence of recombinational exchanges was also examined by performing Sawyer's test (35) with START2 (15).
RESULTS

MLST scheme and characterization of 936-like phages.
Ten highly conserved phage loci (terS, terL, por, mcp, mtp, tmp, bpl, rbp, lys, and orf33) were first selected based on various factors. However, we kept only five of them (terL, mcp, mtp, tmp, and lys) for the final MLST scheme. These loci were successfully amplified and sequenced for all 100 phages listed in Table 1 . PCR products could not be obtained with some phage isolates for the rejected bpl, rbp, and orf33 loci, while insertions were also observed for the orf33 locus (not shown). The terS and por loci were discarded because of their very low discriminatory power (not shown). No amplification products were obtained with phages bIL67 (c2 group) and P335 (P335 group), validating the primers' specificity for the 936 phage group (not shown). Allelic profiles and sequence types (STs) were determined from the nucleotide sequence analysis, and an ST was assigned to each phage ( Table 1 ). The MLST scheme defined alleles between 210 bp (mtp) and 438 bp (mcp) in length and generated between 54 (mtp) and 65 (lys) distinct alleles (out of the 100 phages analyzed) per locus (Table 3) . Based on the allelic profiles with the five selected loci, 93 STs were obtained from the 100 distinct phages analyzed, suggesting that the proposed MLST scheme is highly discriminative (Table 1) . A public database was set up and can be accessed at http://pubmlst .org/ (16) . Additional data can be uploaded for further comparisons.
Comparison of MLST and RFLP typing methods. All 100 phages used in this study were previously characterized as being different based on RFLP patterns. According to sequencing data obtained by MLST, only four sequence types were assigned to more than one phage: ST-13 (GL1, GL7, JG5, and RM1), ST-68 (CB9, CB10, and CB11), ST-81 (CB15 and CB16), and ST-84 (CB5 and CB6). These phages have the same host range (ST-13, Descriptive analysis of genetic diversity at five loci. The mean percent GϩC contents of the five loci varied from 35.6% (terL) to 42.4% (lys) and corresponded to an average of 39.0% for the concatenated fragment (Table 3) . Interestingly, all the loci had slightly higher percent GϩC contents than the average percent GϩC contents found for the complete genomes of 936-like phages available (33.9% to 35.2%) (34) . Based on the 100 phages analyzed here, the numbers of polymorphic sites ranged from 58 for mtp to 180 for tmp, which correspond to 27.6% and 41.4% of the sites present in the alleles of these loci, respectively ( Table 3 ). The nucleotide diversity among the diverse alleles (the average number of nucleotide differences per site between any two DNA sequences chosen randomly from the sample population, denoted by ) was relatively high for the five loci, as values ranged from 0.054 (terL) to 0.105 (lys) ( Table 3) . On the other hand, the mean numbers of pairwise nucleotide differences per distinct allelic sequence (k) ranged from 13.5 (mtp) to 37.8 (tmp) ( Table 3 ), demonstrating that the highest average number of nucleotide differences was -1025  75  12  19  22  21  17  This study  DM4  2007  Canada  SMQ-1154  76  43  44  44  57  50  This study  DM5  2007  Canada  SMQ-1154  77  16  17  45  58  51  This study  DM7  2007  Canada  SMQ-1001  78  14  14  16  32  30  This study  DM8  2007  Canada  SMQ-1025  24  17  19  22  21  17  This study  DM10  2007  Canada  SMQ-1154  70  44  45  46  59  52  This study  DM11  2007  Canada  SMQ-1025  38  19  22  22  21  43  This study  DM12  2007  Canada  SMQ-1154  28  52  21  46  50  37  This study  JG10  2007  Canada  SMQ-1025  90  48  48  22  56  49  This study  AF1  2008  Canada  SMQ-1153  87  45  46  21  20  16  This study  AF2  2008  Canada  SMQ-1025  26  19  22  22  23  19  This study  AF4  2008  Canada  SMQ-337  25  18  13  23  22  18  This study  AF5  2008  Canada  SMQ-1005  16  12  13  15  15  11  This study  GL1  2008  Canada  SMQ-747  13  10  10  12  12  8  This study  GL9  2008  Canada  SMQ-1025  27  19  22  24  23  20  This study  DM13  2008  Canada  SMQ-1154  88  46  17  45  60  53  This study  DM14  2008  Canada  SMQ-1154  89  47  47  47  61  54  This study  AF6  2009  Canada  SMQ-1001  18  14  14  16  16  12  This study  AF7  2009  Canada  SMQ-746  20  15  16  18  17  13  This study  AF8  2009  Canada  SMQ-1154  22  16  17  20  19  15  This study  AF9  2009  Canada  SMQ-1153  23  12  18  21  20  16  This study  RM1  2009  Canada  SMQ-747  13  10  10  12  12  8  This study  RM8  2010  Canada  SMQ-746  85  15  16  17  18  14 This study a Alternative host strains are in parentheses.
within the internal region of the gene coding for the tape measure protein (tmp). d N /d S ratios were calculated to estimate the level of selection applied to each locus (Table 3) . All values were low, indicating that there was strong selective pressure against amino acid changes, as typically observed for core genes, particularly for the terL locus (Table 3 ). There were also approximately 10 times (mcp and tmp) to 100 times (terL) more synonymous substitutions than nonsynonymous substitutions, indicating that the selected loci were appropriate for population studies. Finally, Tajima's D test (39) was used to examine the neutrality in population genetics. The D values obtained support a neutral evolution of the distinct alleles (i.e., there was no balancing or purifying selection of certain alleles at these loci) ( Table 3) .
Phylogeny based on MLST data. A neighbor-joining tree was constructed from the 1,812-bp concatenated sequence of the five loci to show the genetic relatedness among the 936-like phages investigated in this study (Fig. 1) . The concatenated tree revealed a Average number of nucleotide differences per site between any two DNA sequences chosen randomly from the sample population (nucleotide diversity). Standard deviations were included to evaluate the dispersion of diversity. b Mean number of nucleotide differences per sequence. c dN/dS represents the ratio of nonsynonymous to synonymous substitutions, which is indicative of selective pressure on loci.
d D values were not significantly different from zero (P Ͼ 0.10).
two major phylogroups, strongly supported by bootstrap values, one of which contained all phages isolated from a unique Canadian cheese plant, while the second one grouped phages isolated from other countries. Only phages D1930 (ST-19) and D1972 (ST-17), isolated from France and Switzerland, respectively, belonged to another phylogroup. The tree also exhibited strong agreement with the phage host range, suggesting a clonal evolution of phages isolated within the same cheese plant and/or infecting the same strain(s). This tree was in agreement with previous genomic analyses which showed that lactococcal phages jj50, p2, and sk1 (24) were highly related, as were phages bIL170, bIBB29, and P008 (11) and phages CB13, CB19, CB20, and SL4 (34) . Phages within these three subgroups were indeed clustered together. Interestingly, phage CB14, which is known to share high levels of nucleic acid identity with phages CB19 (90.3%) and CB20 (89.9%), did not cluster with them. Phage CB14 was isolated in the summer of 2003, while phages CB19 and CB20 were isolated in the fall of 2003. Intergenic and intragenic recombination analyses. The standardized index of association (I A S ) (10) was used to evaluate the relative contributions of mutation and recombination to the evolution of the loci analyzed in this study. The I A S value is expected to be close to zero for linkage equilibrium (i.e., free recombination), and a significant deviation from this value indicates a degree of linkage disequilibrium. An I A S value of 0.3623 was obtained after 1,000 computer randomizations, revealing linkage disequilibrium between the five loci used for the MLST analysis. This value also suggests that the genetic diversity seen within these five loci of lactococcal phages is due mainly to mutation (i.e., clonal population) rather than recombination. The split-decomposition method was used to examine the impact of intragenic recombination in the five loci and in the concatenated sequence. A tree-like structure is obtained when the descent is clonal, but a networklike structure or a parallelogram will be created if recombination has been involved in the evolution of the analyzed sequence. Split graphs of each locus and the concatenated sequence showed a tree-like structure, indicating that alleles of the five selected loci were not affected by intragenic recombination (see Fig. S1 in the supplemental material). The absence of intragenic recombination was also confirmed by Sawyer's test (35) , implemented in START2 (15; not shown).
DISCUSSION
L. lactis cultures are regularly exposed to 936-like phages during milk fermentation processes (2, 22, 27, 38) . These phages are evolving, and new phage variants keep emerging in dairy factories, possibly due to the use of antiphage strategies. The industry needs a rapid and reliable typing method to monitor the emergence of distinct phages to update control strategies. We propose here a new tool for the characterization of 936-like lactococcal phages. The MLST scheme is based on the internal regions of five genes coding for the large subunit of the terminase, the major capsid protein, the major tail protein, the tail tape-measure protein, and the endolysin. All five genes are part of the core genome of 936-like phages (34) .
According to Hunter and Gaston's index (12), the discriminatory power of our current MLST method is 0.998. This value represents a probability of 99.8% that two randomly selected phages are discriminated. An index greater than 0.90 suggests that the typing results are to be interpreted with confidence (12) . Therefore, our MLST method appears to be highly discriminative and reliable (12) . This conclusion is also supported by the high number of distinct alleles, the nucleotide diversity (), and the mean number of pairwise nucleotide differences per sequence (k) observed for all loci (Table 3 ). The MLST method succeeded in amplifying all loci of phages isolated from 11 different countries between 1971 and 2010 that infected 48 L. lactis strains.
Host range and RFLP analyses are currently the main methods used to differentiate between lactococcal phages from the same genetic group (19, 29) . Host range analysis offers limited discriminatory power for closely related phages, as they often infect the same strains. The main limitation of the RFLP method is that the DNA patterns may vary with experimental conditions, which limits data reproducibility and comparison. The MLST approach provides portable nucleic acid sequences that can be shared and compared easily between different laboratories. The MLST sequence data (1,812-bp concatenated sequence), which represent approximately 6% of the complete phage genome sequence, can also differentiate phages with the same RFLP pattern.
MLST has also been used for population analyses to estimate recombination and mutation rates as well as to investigate evolutionary relationships (44) . We investigated the genetic relatedness among the 936-like phages by constructing a phylogenetic tree from the concatenated sequence of the five loci. The tree revealed that the 93 STs form two major distinct phylogroups of 80 and 13 STs. The first one regrouped all phages isolated from the same Canadian cheese plant, with two additional phages isolated from France (D1930 ) and Switzerland (D1972 ). It is not surprising that distinct phages from the same cheese plant are genetically related, since a dairy plant is a specialized ecological niche where phages coevolve with their abundant and repeatedly used L. lactis hosts. The second phylogroup was more heterogeneous and contained only lactococcal phages isolated from other countries, which are likely using different manufacturing conditions as well as distinct starter cultures.
Although horizontal gene transfer plays a pivotal role in phage evolution, many phage genomes are clearly shaped by vertical evolution (3). This seems particularly true for the 936-like phages, because the phylogenetic tree exhibited a strong concordance of the clusters with the host range, indicating clonal evolution. Moreover, the five selected loci are expressed late during the phage infection process (4) . Late genes encode mostly proteins for virion assembly and cell lysis (7, 23) . Those genes tend to diverge by point mutation, in comparison to early and middle genes (5, 11, 24, 34) . This was also recently observed for Staphylococcus aureus siphophages (18) . Accordingly, the split graphs showed a tree-like structure, confirming that the population is not affected by extensive intragenic recombination at these loci.
MLST should be useful for phage monitoring in the dairy industry, as it can be performed directly with filtered phage lysates. Phage concentration, DNA extraction, and DNase I treatment are not required. Because the primers were designed to have the same annealing temperature, the five MLST PCRs can be accomplished in a single PCR run. As more phage samples are tested, it is possible that some loci may not be amplified by PCR due to sequence variability. A reduction of the hybridization temperature could be the easiest way to circumvent the problem, but modification of the primer(s) at the 3= end could constitute another alternative.
In conclusion, this MLST scheme is applicable for characterizing 936-like phages infecting L. lactis strains worldwide. The chosen loci have been shown to be robust molecular markers to differentiate between closely related phages from the same cheese plants as well as diversified phages. This represents the first MLST scheme for the characterization of a group of phages.
